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Development of polyacrylonitrile/perovskite catalytic membrane with 
abundant channel-assisted reaction sites for organic pollutant removal 
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A B S T R A C T   

Catalytic membrane that can simultaneously enable physical separation and advanced oxidation process is 
considered as a novel approach for wastewater remediation; however, the unsatisfied catalytic performance and 
instability impede its further application. In this study, Fe doped LaCoO3 perovskite with tunable electron 
structure was employed as a heterogeneous catalyst and incorporated with Polyacrylonitrile ultrafiltration 
membrane via a controlled phase inversion method. Owing to the continuous outflow of the intermediates and 
enriched concentration gradients in membrane channels, the catalytic membrane exhibited exceptional catalytic 
performance and stability under cross-flow apparatus. Correspondingly, over 99% of tetracycline hydrochloride 
can be degraded via activating peroxymonosulfate in 36 min under the flux of 220 L/m2h. Besides, the catalytic 
membrane with suitable pore size could exclude natural organic matter and selectively assist the degradation of 
pollutants in membrane channels due to a massive generation of sulfate radicals and singlet oxygen (equivalent 
to a retention time of 1.64 s). Following this, the degradation pathways and toxicity analysis of the intermediates 
were investigated to further verify the catalysis mechanism and the reduced toxicity of treated solution. Overall, 
it can be concluded that the integration of membrane and catalytic oxidation is effective for enhancing waste-
water purification efficiency.   

1. Introduction 

With the rapid development of industrialization and population 
growth, water scarcity has dramatically deteriorated [1]. Tetracycline 
hydrochloride (TC), a typical therapeutic medicine, has been widely 
used in animal growth. Inevitably, TC tends to be discharged into the 
aquatic ecosystem owing to its poor biodegradability, thereby posing a 
potential threat to the human health [1,2]. Sulfate radical-based 
advanced oxidation processes (SR-AOPs) have been considered as a 
prominent strategy to eliminate refractory contaminants, which ac-
counts for the high catalytic efficiency, selectivity, and a wide pH range 
[3–5]. Various heterogeneous catalysts (transition metal oxides, alloys, 
carbon-based materials, etc.) have been developed to activate perox-
ymonosulfate (PMS) [6–8]. Through the scission of peroxo-bond, sulfate 
radicals can be generated and then react with organic compounds via 
electron transfer, realizing oxidation or partial mineralization of organic 
pollutants [9]. However, heterogeneous catalysts tend to agglomerate 
during the reaction, which restricts the reaction of PMS and pollutants 
on the catalyst sites and thus impedes catalytic activity consequently 

[10,11]. Besides, the re-utilization of powder catalysts requires addi-
tional separation processes such as filtration or centrifugation, which 
undoubtedly lose the active component. Furthermore, the sluggish cat-
alytic efficiency under various external conditions, especially with the 
co-existence of natural organic matter (NOM), remains an imperative 
issue that needs to be addressed [12,13]. 

Integrating heterogeneous catalysts with an appropriate support 
having selective separation ability and high loading capacity can be 
considered as a highly effective approach [11,14]. Therefore, the 
coupling of AOPs and membrane technology has received a great deal of 
attention [15–17]. Catalytic membrane with a dense skin layer is 
capable for allowing its selectivity by physical pore sieving, while 
porous structure offers immobilization sites for heterogeneous catalysts, 
constructing micro reaction sites in tortuous membrane channels 
[18,19]. Unlike the batch experiment of common AOPs, catalytic 
membrane realizes the simultaneous separation/degradation processes 
in one system under external pressure [20,21]. In other words, the skin 
layer excludes macromolecular pollutants that are larger than pores, 
ensuring the efficient degradation of small organic compounds in the 
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membrane channels [22]. Besides, the continuous operation of catalytic 
membrane reduces the residence time of intermediate products at re-
action sites, which improves the catalytic efficiency and ensures the 
recycling capacity. Furthermore, anchoring the heterogeneous catalysts 
in the membrane matrix can regulate membrane structure, which is 
beneficial for improving hydrophilicity and permeability [23]. With 
dual functionalities of membrane separation and catalytic oxidation, the 
decontamination efficiency of the wastewater can be considerably 
enhanced [24]. 

The rational design of functional catalysts is of great importance for 
the construction of high performance catalytic membranes. Until now, 
extensive efforts have been applied to fabricate catalytic membranes 
with favorable separation/degradation performance. For instance, 
Zhang et al. incorporated FeOCl nano-catalysts into ceramic ultrafil-
tration membrane pore to form a membrane reactor, and it was observed 
that it exhibited great degradation capacity towards various organic 
pollutants. Besides, the membrane could exclude NOM by physical 
rejection, and selectively assist the catalytic oxidation of small organic 
matter in membrane matrix under confinement [25]. Lin et al. enchased 
Prussian blue in the micro-cluster of PVDF membrane, enabling 
instantaneous degradation of recalcitrant [18]. Zhang et al. prepared a 
novel MnOOH coated nylon membrane and found that the forced flow in 
membrane voids contributed to the increment of 2, 4-Dichlorophenol 
degradation [26]. However, the catalytic properties of membranes are 
mainly dominated by the catalysts. Therefore, fabricating functional 
catalysts with superior catalytic activity and stability to improve the 
intrinsic separation/catalytic performance of catalytic membrane is of 
great importance. Compared with the catalyst of single-metal sites, 
multi-component oxides such as spinel and perovskite oxide have 
demonstrated an excellent catalytic performance because of the electron 
transfer between the metal sites [27,28]. Perovskite oxide generally 
exhibits a ABO3 structure, where A sites are dominated by the rare earth 
or alkaline rare earth metals while B sites mainly comprise a 3d-transi-
tion metal [29]. Owing to the fascinating catalytic activity, stability, and 
tunable electronic structure, cobalt-based perovskite oxides (LaCoO3, 
SrCoO3, CoTiO3, etc.) have been widely reported as promising catalysts 
to activate PMS to realize refractory pollutant elimination [30,31]. 
Notably, heteroatom doping has been widely employed to tune the 
intrinsic catalytic performance of LaCoO3, which can rationally generate 
oxygen vacancies and facilitate electron transfer, resulting in an 
enhanced catalytic activity toward PMS activation [32,33]. As an 
adjacent element of Co, Fe possesses a similar ionic radius and electro-
negativity compared with Co, which exhibits feasibility to substitute 
part of Co in LaCoO3 structure [28]. Besides, Fe doping can facilitate the 
activation efficiency of PMS as an electron-donator to further promote 
the degradation capacity of pollutants [34]. However, current research 
rarely involves the combination of perovskite catalysts and membranes, 
and therefore the performance and mechanism of the catalytic mem-
brane should be elucidated. 

In this work, LaCoO3 perovskite was synthesized via a typical sol–gel 
method and further tuned the catalytic activity by doping Fe on B sites. 
Afterward, Fe doped LaCoO3 was employed as functional catalysts to 
integrate with polyacrylonitrile (PAN) membrane via a controllable 
phase inversion method. The as-prepared membrane with capacities of 
separation and catalytic degradation could demonstrate a promising 
cleaning efficiency towards the recalcitrant organic pollutants. The 
separation/catalytic performance of the catalytic membrane was 
analyzed in the presence of NOM. Besides, the mechanism and stability 
of the catalytic membrane were thoroughly investigated. Furthermore, 
the toxic analysis of the degradation intermediates was also performed. 

2. Experimental section 

2.1. Chemical and reagents 

Citric acid and iron nitrate nonahydrate (Fe(NO3)3⋅9H2O) were 

obtained from Aladdin Chemical Reagent Co., Ltd (Shanghai, China). 
Lanthanum nitrate hexahydrate (La(NO3)3⋅6H2O), cobalt nitrate hexa-
hydrate (Co(NO3)2⋅6H2O), ammonium hydroxide (NH3⋅H2O), methanol 
(MeOH), tert-butyl alcohol (TBA), and furfural (FFA) were purchased 
from Guangfu Chemical Reagent Co. LTD (Tianjin, China). Perox-
ymonosulfate (2KHSO5⋅KHSO4⋅K2SO4), N-methylpyrrolidone (NMP), 
humic acid (HA), PAN powder (Mw = 150000 g/mol), and tetracycline 
hydrochlorid (TC) were supplied by Kermel Chemical Reagent Co. LTD 
(Tianjin, China). All chemicals were analytic grade and used as received. 

2.2. Preparation and modification of perovskite oxides 

The Fe doped LaCoO3 perovskite was prepared by a sol–gel method. 
In a typical synthesis procedure, 0.1 mol/L La(NO3)3⋅6H2O, x mol/L Co 
(NO3)2⋅6H2O (x = 0.05–0.1 mol/L), 1-x/L mol Fe(NO3)3⋅9H2O were 
dissolved in 50 mL deionized water, the feed molar ratios of Co 
(NO3)2⋅6H2O to Fe(NO3)3⋅9H2O were set from 0.5:9.5 to 5:5. Afterward, 
0.3 mol/L citric acid was introduced as the complex agent. The mixture 
was stirred and ultrasonicated for 15 min. pH of the solution was then 
adjusted to 9.0 by NH3⋅H2O, and the color of the solution gradually 
darken during this process. After this, the above solution was transferred 
to a water bath at 80 ◦C to evaporate extra water and a uniform pre-
cursor was then obtained. Afterward, the precursor was dried at 100 ◦C 
overnight, following by calcination at 700 ◦C with a heating rate of 5 ◦C/ 
min and kept for 3 h. The powder catalysts were ground and labeled as 
LCO (LaCoO3) and LFCXY, where X is the feed doping ratios of Fe and Y 
represents the feed ratios of Co. 

2.3. Construction of catalytic membrane 

Briefly, several amounts of Fe doped LaCoO3 perovskite oxides (feed 
molar ratio of Fe:Co = 1:9) were added to 20 mL NMP solution and 
dispersed by sonication for 30 min. Then, PAN powder (12 wt%) was 
introduced into the mixture at 60 ◦C and stirred for 3 h to obtain a ho-
mogeneous casting solution. After removing air bubbles in 60 ◦C vacuum 
atmosphere for 12 h, the casting solution was slowly poured on the glass 
plate and then scraped by a casting knife with various thicknesses. Af-
terward, the plate was transferred to a water bath to complete the phase 
inversion process and kept for another 36 h. The catalytic membrane 
was obtained and labeled as PAN/LFC-x in accordance with the loading 
amount of perovskite oxides. 

2.4. Characterization 

The morphologies of the perovskite and catalytic membrane were 
observed using scanning electron microscope (SEM, Hitachi S4800, 
Japan), and transmission electron microscope (TEM, JEM-F200 Japan) 
with energy dispersive spectrometer was applied to obtain the chemical 
compositions of the material and catalytic membrane. The crystal 
structure of the sample was characterized by X-ray diffractometer (XRD, 
Bruker, D8 Advance, Germany) with 2θ range of 20◦-80◦. The element 
composition of the catalyst was determined by X-ray photoelectron 
spectrometer (XPS, ESCALAB 250Xi, UK) before and after reaction. 
Electrochemical impedance spectroscopy (EIS) analysis was employed 
to assess the electron transfer capacity of the samples using Ag/AgCl as 
the reference electrode, and the counter electrode was commercial Pt 
electrode. The hydrophilicity of the catalytic membrane was evaluated 
using water contact angle as the indicator and tested by contact angle 
equipment (Powereach, China). The concentration of TC aqueous solu-
tion was measured by ultraviolet–visible spectroscopy (UV–vis 4802S, 
Unico, USA) at the wavelength of 357 nm. Besides, the mineralization 
rate of the feed and treated solution was verified by total organic carbon 
analyzer (TOC, Shimadzu, Japan). Furthermore, the intermediate 
products of the TC degradation were detected by High performance 
liquid chromatography-tandem mass spectrometry (Thermo Vanquish 
UHPLC-LTQ XL, USA). Electron paramagnetic resonance (EPR) analysis 
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was also carried out to monitor the reactive oxygen species by 
employing 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and 2,2,6,6-tetra-
methyl-4-piperidine (TEMP) as the spin-trapping agents. Inductively 
coupled plasma optical emission spectrometer analysis (ICP-OES, 
VISTA-MPX, USA) was employed to investigate the proportion of cata-
lyst in the membrane matrix and the amount of metal ion leaching under 
various operating conditions. 

2.5. Evaluation of catalytic and separation performance 

TC was used as the target pollutant to evaluate the catalytic activities 
of the powder catalyst and catalytic membrane. In a typical procedure, 
10 mg of powder catalyst was dispersed in a 100 mL aqueous solution 
with TC concentration of 20 mg/L under constant magnetic stirring, 
following by the addition of 1.0 mM PMS to initiate the catalytic 
oxidation. Periodically, the sample was withdrawn by a 0.22 μm PVDF 
filter, and the TC concentration was then recorded. 

Cross-flow apparatus was employed to verify the separation and 
catalytic performance of the catalytic membrane. The permeate flux of 
the membrane was calculated by Eq. (1). 

F =
V

A × t × P
(1)  

where F is the flux corresponding to the permeability (L/m2h), V is the 
permeate volume (L), A means the effective filtration area (7.0 cm2) and 
P is the operating pressure (bar). 

The porosity was calculated via Eq. (2). 

ε =
Ww − Wd

ρwAδ
(2)  

where Ww and Wd are the weight of the membrane when fully wetted by 
water and dried after the water is completely evaporated, respectively. 
ρw represents the density of deionized water (g/cm3), and δ means the 
thickness of the membrane (cm) while A is the test area of the membrane 
(7.0 cm2). 

The rejection of the catalytic membrane was tested by verifying the 
concentration of HA before and after filtration according Eq. (3). 

R =
Co − C

C0
× 100% (3)  

where R is the rejection ratio of the HA, C0 and C represent the initial 
and treated HA concentration. 

The catalytic performance was also investigated under varying re-
action conditions. Briefly, an amount of 500 mL with concentration of 
10 mg/L TC solution was prepared and employed as the feed stream. A 
certain amount of PMS was introduced to trigger the degradation pro-
cess. TC was degraded in membrane channels when contacting with 
catalyst embedded in membrane matrix under various operating pres-
sure and finally flowed out through the membrane. The sample was 
withdrawn at certain time intervals, and the concentration of pollutant 
was evaluated accordingly. To determine the separation/catalytic per-
formance of the membrane, simulated wastewater containing HA and 
TC was prepared and the separation and catalytic performance were 
then tested. It should be noted that the concentration of TC should be 
evaluated after secondary filtration by another 0.22 μm PVDF mem-
brane. The reaction rate constant (k) was analyzed by pseudo-first-order 
kinetics equation as Eq. (4). 

ln
Ct

C0
= − kt (4)  

where C0 means the initial TC concentration (mg/L), Ct is the TC con-
centration under various sampling time t (min). 

The anti-fouling performance of the membrane was performed and 
described in supporting information. Besides, the effects of various 

operating conditions (operating pressure, pH, temperature, etc.) on the 
membrane performance were also investigated. 

3. Results and discussion 

3.1. Morphology and structure of the functional catalysts 

The morphologies of perovskite oxides are shown in Fig. S1-S2. As 
depicted in Fig. S1 (a, b), both pristine LaCoO3 and Fe doped LaCoO3 
exhibited an evident agglomeration phenomenon, which mainly com-
prises the spherical structure with a particle size of about 20 nm. The 
introduction of Fe element demonstrated a limited effect on the 
morphology of the catalyst. To confirm the existence of Fe element, EDS 
mapping was employed and is shown in Fig. S1 (c, d), the results 
demonstrated that La, Co, Fe, O elements were uniformly distributed, 
and the relevant atomic ratio was 20.13%, 23.25%, 1.96%, and 54.67%, 
respectively, which is similar to the feed molar ratio (Fig. S2). TEM 
images of Fe doped LaCoO3 perovskite are shown in Fig. 1. Consistent 
with the SEM morphology, the particles were agglomerated (Fig. 1(a)). 
HR-TEM image shown in Fig. 1(b) exhibited the lattice fringe spacing of 
0.383 nm, corresponding to (110) crystal planes of the Fe doped LaCoO3 
perovskite. Besides, Fig. 1(c, d) confirmed the uniform distribution of 
the elements. XRD patterns of the pristine and Fe doped LaCoO3 
perovskite oxides are depicted in Fig. 2(a). The LaCoO3 exhibited the 
typical crystal structure of perovskite, the feature peaks centered at 
23.3◦, 32.9◦, 40.7◦, 47.5◦, 58.9◦, and 68.9◦, which corresponds to (110), 
( − 110), (020), (120), (130), and ( − 220) planes, respectively [35]. 
Besides, when increasing Fe content, no crystal structures of other metal 
oxides were found. Furthermore, the diffraction peaks shifted to lower 
angles, and the absence of the doublet peaks at 32.9◦ and 58.9◦ was 
found at higher Fe doping content. This observance indicates an 
increased unit cell parameters according to the enlarged ionic radius of 
Fe3+ ((0.64 Å) to Co3+ (0.63 Å), and further confirms that Fe element 
was successfully introduced into LaCoO3 crystal structure to replace part 
of Co [28]. The changing in the crystal parameters after Fe doping is 
further investigated through the Rietveld refinement shown in Table S1. 
A growing lattice size was confirmed when Fe was doped in LaCoO3 
structure. However, the crystal structure changed from hexagonal to 
orthorhombic as Fe doping ratio further increased to 5:5. The shrink of 
the crystal size is ascribed to the principle of electrical neutrality, which 
ensures structural stability by changing crystal structure. The catalytic 
performance of Fe doped LaCoO3 was evaluated. As shown in Fig. S3 (a), 
PMS alone exhibited restricted degradability to TC, and only 23% of TC 
was eliminated within 30 min. Besides, the adsorption capacity of the 
catalyst was restricted because of the low specific surface area (5.11 m2/ 
g) (Fig. S4). However, in the presence of LaCoO3, the catalytic perfor-
mance improved dramatically. 92.2% of TC can be degraded within 30 
min. Furthermore, Fe doping can further enhance catalytic performance 
when doping ratio ranges from 0.5:9.5 to 2:8. Whereas, the degradation 
ability was interfered with a further increase of Fe doping ratio. This can 
be related to the reduction of Co content, which is regarded as the most 
effective activating element in PMS induced catalytic oxidation pro-
cesses. Correspondingly, the relative reaction k constant was determined 
and shown in Fig. S3(b), the k value was 0.1187, 0.1681, 0.1871, 
0.1690, 0.08574, 0.04649, 0.03186 min− 1 for LaCoO3 and Fe doped 
LaCoO3 with various doping ratios (from 0.5:9.5 to 5:5), respectively. 
Therefore, LFC19 was employed as the functional catalyst to fabricate 
catalytic membrane to further improve water purification capacity. XPS 
analysis was employed to explore the surface element content and 
valence state of the catalysts. Signals of La, Fe, Co, and O were detected 
in the survey of LFC19 (Fig. S5). Identifying as the most crucial role to 
activate PMS, the valence state of Co element was analyzed and shown 
in Fig. 2(b). The high-resolution peaks of Co were divided into Co 2p3/2 
(~779.6 eV) and Co 2p1/2 (~794.7 eV) spin–orbit lines. The fitted peaks 
located at ~ 778.8 and ~ 794.6 eV represented Co(III) while the peaks 
centered at ~ 796.8 and 781.1 eV can be ascribed as Co(II) [36]. The 
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overall ratio of the CoII/CoIII increased from 0.73 to 1.04 when 10% Fe 
was introduced into LaCoO3 structure. As mentioned in previous liter-
ature, low valence of Co was more conducive to the activation of PMS. 
Additionally, a higher CoII/CoIII ratio can lead to a stronger catalytic 
activity [33]. As manifested in Fig. 2(c), the O 1 s spectrum of perovskite 
can be assigned as lattice oxygen (~528.6 eV), hydroxyl groups (–OH) 
at ~ 530.9 eV, surface carbonate/absorbed H2O (532.4 eV), and highly 
oxidative oxygen species (O2

2–/O-) at 529.6 eV [37,38]. Specifically, the 
appearance of O2

2–/O- can be inferred as the evidence of the presence of 
oxygen vacancies [39]. When Fe was doped in LaCoO3 structure, the 
content of lattice oxygen decreased from 35.2% to 32.6%, while an in-
crease was found in the content of –OH group from 39.4% to 42.2% and 
O2

2–/O- from 8.4% to 10.9%. Correspondingly, the increased –OH group 
strengthened the hydrophilicity of the catalyst, which resulted in an 
enhanced dispersity. Furthermore, the appearance of oxygen vacancies 
contributed to the reduction of Co valence state, and thus improves the 
catalytic performance. The electronic conductivity of the pristine and Fe 
doped LaCoO3 was evaluated through EIS Nyquist plots (Fig. S6). A 

decreased semicircle diameter of LFC19 was observed to compare with 
LCO. This phenomenon showed that a lower electron transfer resistance 
when Fe was introduced, thereby accelerating the electron transfer be-
tween the catalyst and PMS and improving the catalytic activity. 

The morphologies of the catalytic membrane are illustrated in Fig. 3. 
As depicted in Fig. 3(a, b), the cross-sectional morphology of PAN-based 
catalytic membrane presented typical finger-like pores, which provides 
tortuous channels for the rapid transport of the permeate solution. As 
more of LFC embedding in the membrane matrix, more sponge-like 
structures were observed together with the appearance of the micro-
voids in the sub-layer of the catalytic membrane. This could be attrib-
uted to the increased viscosity of the casting solution, which could 
prolong the progress of phase inversion and thereby increases the 
porosity. The tortuous channels and increased porosity of the catalytic 
membrane endowed more contact probability of PMS and pollutant on 
micro reaction sites, further accelerating the degradation of target pol-
lutants. However, when LFC content reached 5%, the microvoids in sub- 
layer diminished owing to the excessively high viscosity of casting 

Fig. 1. TEM morphology of LFC19 (a, b) and EDS mapping of the catalyst (c, d).  

Fig. 2. XRD patterns of the perovskite LaCoO3 and LaCoO3 with various Fe doping ratios (a), XPS analysis of Co 2p spectrum (b), and O 1 s spectrum (c).  
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solution, which sequentially reduces the porosity of the membrane. The 
surface morphologies of the membranes are shown in Fig. 3(c), more 
pores were observed on the dense surface of the membrane as the LFC 
contents increased to 4%, which was beneficial to enhance the perme-
ability of the catalytic membrane. The pore diameter was about 10 nm, 
which presented the pores of the ultrafiltration membrane. The distri-
bution of LFC in membrane matrix is depicted in Fig. 3(d-i), LFC was 
uniformly anchored in the surface and interior channels of the mem-
brane, enabling effective catalytic degradation of target pollutants 
attained by the membrane. The metal element composition of the LFC in 
PAN/LFC-4 membrane is listed in Table S2, and the results demonstrated 
that LFC was successfully embedded in the membrane matrix. 

3.2. Structure and permeability of the catalytic membrane 

The flux of the catalytic membrane containing ranges of LFC contents 

was evaluated to demonstrate the permeability for wastewater decon-
tamination. As illustrated in Fig. 4(a), an upward trend was observed as 
the LFC contents augmenting, and reached the maximum of 1986.1 L/ 
m2h when inlaying 4% of LFC. With further increase in LFC contents, the 
flux started to decline, which could be caused by the diminution of both 
pore size and porosity of the membrane. Besides, embedding LFC in 
membrane structure performed an increasing trend on its porosity 
(about 59% when 4% LFC was introduced). Furthermore, with the 
integration of LFC, the hydrophilicity of membrane increased concur-
rently. The pristine PAN membrane possessed a WCA of 74.4◦; however, 
with more LFC constructed in the membrane cavities, the WCA declined 
to 59.7◦, showing better flexibility for the rapid pass-through of the 
penetrating fluid (Fig. 4(b)). As a prominent indicator for evaluating 
membrane performance, HA was used as the target pollutant to inves-
tigate the rejection capacity of the catalytic membrane. As described in 
Fig. 4(b), all catalytic membranes exhibited an desired HA rejection 

Fig. 3. SEM images of the catalytic membrane with various LFC contents. Cross-sectional structure (a), enlarged cross-section morphology (b), surface morphology 
(c), and EDS mapping of the catalytic membrane (d-i). 
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ability, In other words, NOM with prominent inhibitory effect on the 
catalytic oxidation can be excluded by catalytic membrane, and corre-
spondingly, the catalytic degradation occurred in membrane channels 
was less restricted, which further highlights the superiority of catalytic 
membrane for wastewater treatment. 

3.3. Catalytic performance evolution of the membrane 

Due to the efficient combination of the functional catalysts and 
membrane matrix, the catalytic membrane exhibited a satisfied elimi-
nation capacity to the target pollutant TC by activating PMS. The cata-
lytic performance was evaluated in a cross-flow apparatus. The feed 

stream containing pollutants and PMS was circulated through the 
membrane by regulating the operating pressure. The sample passing 
through the membrane was withdrawn for the concentration measure-
ment and will not be recycled into the circulation system. Firstly, the 
effect of LFC dosage was investigated and shown in Fig. 5(a). With the 
impedance by the pore size of the UF membrane, TC can pass through 
the membrane with feed stream; however, owing to the porous structure 
of the polymeric membrane, about 12.1% of TC was adsorbed during the 
process. It is worth noting that the pristine PAN membrane exhibited a 
60% TC removal efficiency in the PMS alone, which was mainly 
attributed to the adsorption and an increased reaction efficiency of PMS 
and pollutants in the membrane channels. In other words, under the 

Fig. 4. Permeability of the membranes. Pure water flux and porosity (a), water contact angle and HA rejection performance (b).  

Fig. 5. TC degradation performance of the catalytic membranes. Catalytic performance of membranes containing various LFC contents (a), k constant analysis (b), 
effect on PMS dosage (c), and influence on operating pressure (d). Conditions: PMS = 1.0 mM; TC concentration: 10 ppm, 500 mL; effective membrane area = 7.0 cm2 

and temperature = 25 ◦C. 
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confinement of the membrane channels, the local concentration of PMS 
and pollutants intensified, leading to the rapid generation of ROS in 
membrane structure, thereby enhancing TC removal efficiency [18,40]. 
This phenomenon can be further confirmed when LFC was embedded 
into the membrane structure. Under the pressure of 0.02 MPa, the TC 
elimination efficiency gradually increased with the increment of LFC 
contents, and finally reached over 99% within 36 min when 4% LFC was 
incorporated. Pseudo-first-order kinetic equation was employed to 
analyze the reaction rate constant of the membrane. As shown in Fig. 5 
(b), the k values of PAN and PAN membrane with various loading ratios 
of LFC was 0.0267, 0.0465, 0.0654, 0.0765, 0.1244, and 0.1392 min− 1, 
respectively, demonstrating superior catalytic degradation ability to-
ward refractory pollutants (Effective LFC dosage is about 0.3 mg on 7.0 
cm2 for 500 mL 10 ppm TC degradation). After comprehensively 
considering the permeation flux and degradation performance of the 
catalytic membrane, PAN membrane with 4% LFC loading content was 
selected to investigate the catalytic performance. As depicted in Fig. 5 
(c), with the addition of 0.5 mM PMS, TC removal efficiency lowered to 
84.7% within 36 min. However, as PMS concentration further increased, 
the catalytic activity of catalytic membrane was almost unaltered. This 
phenomenon can be explained as followed. An excessive PMS concen-
tration can cause self-quenching of ROS, especially in the membrane 
channels where the local concentration can be increased under 
enhanced mass transfer [15]. Therefore, 1.0 mM PMS was considered to 
be the appropriate amount of PMS concentration. For the catalytic 
membrane device, the operating pressure determines the permeation 
flux of membrane and then affects the retention time of pollutants in the 
membrane matrix. Fig. 5(d) describes the effect of operating pressure on 
the membrane’s degradation capacity. The permeation flux and reten-
tion time of the catalytic membrane are depicted in Table S3 under 
various operating pressures. The TC removal efficiency decreased 
gradually as operating pressure elevated. In other words, a lower 
operating pressure is more conducive to the pollutants degradation, 
which also enables the operation of the catalytic membrane more cost- 
effective. 

Fig. 6(a) depicts the influence of initial pH value on the TC degra-
dation performance. The catalytic membrane exhibited favorable TC 
degradation capacity at neutral and weak alkaline conditions. However, 

the rapid degradation of TC at alkaline conditions may be due to the 
unsatisfied stability of TC itself at pH = 9. The TC degradation efficiency 
weakened at acidic conditions due to the slightly inhibitory effect of H+

on SO4
⋅- [43]. As shown in Fig. 6(b), increasing the concentration of 

pollutants is not able to improve the catalytic degradation process. 
Moreover, the influence of reaction temperature on the TC degradation 
was investigated. As illustrated in Fig. 6(c), the elevated reaction tem-
perature significantly improves the degradation ability of the catalytic 
membrane. Over 99% of TC can be degraded within 33, 21, and 15 min, 
and k constant was 0.1244, 0.1728, and 0.2491 min− 1 at 25, 35, and 
45 ◦C, respectively. The augmentation of reaction temperature can not 
only improve the PMS activation efficiency but also reduce the reaction 
barrier, thus synergistically leading to the rapid decomposition of pol-
lutants. The reaction activation energy (Ea) of catalytic membrane was 
analyzed based on the Arrhenius equation (Lnk = -Ea/RT + LnA). The Ea 
was determined to be 27.3 kJ/mol (Fig. 6(d)) and is higher than the 
diffusion-controlled reactions (10–13 kJ/mol) [30]. Hence, TC degra-
dation process is mainly dominated by the catalytic degradation in 
membrane channels. In addition, the lower activation energy also fea-
tures considerable catalytic degradation ability of catalytic membrane 
for the elimination of organic pollutants. The thickness of membrane 
significantly affects the catalytic performance, and they were controlled 
by adjusting the distance between casting solution and blade. As man-
ifested in Fig. 6(e), TC removal efficiency enhanced with the increment 
of membrane thickness. This phenomenon can be ascribed to the 
following reasons: 1) more catalyst was dispersed in the membrane 
matrix, and simultaneously enhanced the adsorption capacity; 2) the 
permeation flux declined when increasing membrane thickness. As a 
result, the retention time of pollutants in membrane channels prolonged, 
causing more generation of ROS. In most of the previous work, the 
performance of catalytic membrane was split into two parts to demon-
strate its separation and catalytic activity individually. Therefore, 
simulated wastewater containing HA and TC was employed to investi-
gate the performance of catalytic membrane. Fig. 6(f) elucidated the TC 
removal efficiency under various amounts of HA. Notably, HA as a 
natural organic matter can significantly restrict the generation of ROS. 
However, by virtue of the membrane separation, the HA was rejected by 
size sieving, while TC was degraded in membrane channels. 

Fig. 6. Effects on various operating conditions. pH (a), TC concentration (b), temperature (c), Arrhenius equation (d), membrane thickness (e) and HA concentration 
(f). Conditions: PMS = 1.0 mM; TC concentration: 10 ppm, 500 mL; effective membrane area = 7.0 cm2 and temperature = 25 ◦C. 
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Correspondingly, the catalytic membrane also possessed favorable cat-
alytic activity in the presence of HA with concentrations ranging from 20 
to 200 ppm. After 36 min of operation, over 85.2% of TC could be 
degraded in the presence of 200 ppm HA. In summary, the catalytic 
membrane that combines separation with catalysis shows better flexi-
bility and adaptability in the field of wastewater treatment. The 
mineralization rate of the TC solution was validated by TOC analysis 
(Fig. S7). About 53.2% of TC was decomposed to CO2 and H2O after 3 
consecutive operation processes, demonstrating satisfactory catalytic 
degradation ability toward organic pollutants. 

With the assistance of the introduced catalytic degradation, the 
contaminants attached to the membrane surface and channels can be 
eliminated by reacting with ROS. Therefore, membrane fouling was 
alleviated after backwashing in the presence of PMS aqueous solution. 
Simulated wastewater containing 100 mg/L HA and 10 mg/L TC was 
employed as target pollutants, and the anti-fouling performance is 
depicted in Fig. S8. The pristine PAN membrane exhibited 33.4% flux 
recovery after three successive pollution-cleaning processes, while PAN 
membrane with 4% LFC exhibited a 52.4% recovery rate. Therefore, the 
catalytic membrane with attractive catalytic degradation capacity can 
better relieve membrane fouling, thus increasing the lifespan of the 
membrane. 

3.4. Mechanism analysis 

The identification of ROS was performed by radical quenching test 
since radical and non-radical pathways were comprehensively 
researched by pervious study during the activation of PMS. Scavengers 
of TBA and MeOH were applied to prohibit the generation of ⋅OH and 
SO4

⋅-, respectively [5]. As illustrated in Fig. 7(a), the excessive addition 
of TBA only resulted in less reduction in catalytic activity, and still 
98.2% of TC can be degraded within 36 min. The introduction of MeOH 
triggered an obviously decline in TC degradation efficiency (64.4% in 
36 min). The related results indicated that compared with ⋅OH, SO4

⋅- 

played a dominant role in the radical-based catalytic degradation pro-
cess. Besides, FFA was conducted to quench 1O2 generated in catalytic 
degradation to investigate the effect of non-radical pathways on TC 
degradation process [41]. In the presence of 4 mM FFA, TC removal 
efficiency dropped by 26.6%, suggesting the participation of 1O2 in the 
catalytic degradation process. To further prove the existence of radical 
and non-radical pathways in TC degradation process, EPR analysis was 
performed using DMPO and TEMP as trapping agents to demonstrate the 
generation of SO4

⋅-,⋅OH and 1O2, the most symbolic ROS in TC degra-
dation process. As presented in Fig. 7(b, c), signals of DMPO-OH (αH =
αN = 14.8 G) and DMPO-SO4 (αH = 0.78 G, αH = 14.8 G, αH = 9.6 G, 
and αN = 13.2 G) can be observed with relative intensities of 1:2:2:1 in 
PMS/catalytic membrane system, implying considerable amount of 
SO4

⋅- and ⋅OH were generated by activating PMS, which ensure the 
occurrence of the radical-based catalytic process of TC degradation [28]. 
The triplet adduct of TEMP-O2 with 1:1:1 characteristic peaks was also 
detected, which confirms the generation of 1O2 (Fig. 7(c)). Therefore, 
under the synergistic effect of radicals and non-radicals, pollutants can 
be eliminated in the membrane channels, enabling superior catalytic 
degradation capacity to achieve self-cleaning properties, which further 
broaden the application of membrane technology. Furthermore, the 
durability of the catalytic membrane was evaluated. The catalytic 
membrane was proved to possess a favorable stability in TC degradation 
process through recycling test (Fig. 7(d)). Over 97.9% of TC can be 
degraded after five continuous cycles, which was superior to most cat-
alysts/PMS system. The stability of the catalyst and catalytic membrane 
was analyzed by measuring the element valence change and corre-
sponding metal ion leaching after catalytic degradation process. As 
illustrated in Fig. S9(a) and Fig. S11, the valence state of cobalt changed 
slightly, the corresponding proportion of CoII/CoIII reduced from 1.04 to 
0.95, while that of FeII/FeIII declined from 1.21 to 0.91, indicating that 
CoII/CoIII and FeII/FeIII redox cycles participated in catalytic oxidation 
process [28]. Besides, O 1 s spectrum shown in Fig. S9(b) mainly 
included the decrease of highly oxidative oxygen species (O2

2–/O-) 

Fig. 7. Radical quenching test (a), EPR analysis of SO4
⋅- and ⋅OH (b), EPR analysis of 1O2 (c), and stability of catalytic membrane (d).  
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(10.9% to 5.8%) and the increase of hydroxyl groups (–OH) (42.2% to 
54.7%). The lessening of O2

2–/O- demonstrates oxygen vacancies could 
participate in catalytic oxidation as a reaction site for singlet oxygen 
generation while the increase of hydroxyl groups (–OH) might due to the 
adsorption of the intermediate during the reaction [43]. Furthermore, as 
presented in Fig. S10, the structure of the catalytic membrane remained 
almost unchanged after reaction, which was still dominated by finger- 
like pores in the cross-sectional structure. The corresponded metal 
leaching under various operating conditions are listed in Table S4-S5, 
and the results demonstrated that the catalytic membrane exhibited 
favorable stability during cycling test, and the leaching of La, Fe, and Co 
elements was 0.0112, 0.0008, and 0.0132 mg/L in the fifth cycle, 
respectively. Besides, the catalytic membrane also possesses attractive 
stability under different pH conditions, and the cobalt leaching is much 
lower than the limitation of China (GB-25467–2010, ≤1 mg/L), indi-
cating environmental-friendly characters of the catalytic membrane. 
The exceptional stability of catalytic membrane can be attributed to the 
individual operating pressure-induced membrane system. The contin-
uous outflow of the intermediate products restricts contact time between 
catalysts and pollutants; however, the degradation efficiency is signifi-
cantly boosted under enriched concentration gradient in membrane 
tortuous channels, which guarantees the stability of catalytic mem-
brane. In summary, the catalytic membrane with exceptional stability 
may outperform broader application prospects than heterogeneous 
catalysis process. 

Co(II)+HSO−
5 →SO.−

4 +OH− +Co(III) (5)  

Co(III)+HSO−
5 →SO.−

5 +Co(II)+H+ (6)  

Fe(II)+HSO−
5 →SO.−

4 +Fe(III)+OH− (7)  

Fe(III)+HSO−
5 →SO.−

5 +Fe(II)+H+ (8)  

SO.−
4 +OH− →SO2−

4 + Â⋅OH (9)  

FeII +CoIII→FeIII +CoII (10)  

V..
O→Ox

o (11)  

Ox
o +HSO−

5 → 1O2 +HSO−
4 (12)  

SO2−
5 +HSO−

5 → 1O2 + SO2−
4 +HSO−

4 (13)  

TC+OH/SO.−
4 / 1O2→Intermediates→CO2 +H2O (14) 

The underlying mechanism of the PMS activation through the cata-
lytic membrane is proposed as Eq. (5–14). Firstly, the CoII/CoIII redox 
cycle was accomplished when reacting with PMS through Eq. (5–6), 
during which SO4

⋅- were generated [15]. However, SO5
⋅- with unsatisfied 

redox ability were also generated through Eq. (6), which was often 
regarded as the rate-limited reaction step during the catalytic oxidation 
process, resulting in a decreased CoII/CoIII ratio from 1.04 to 0.95 
(Fig. S9(a)). On account of the introduction of Fe on B sites of perovskite, 
same reaction can be performed through Eq. (7–8), and the corre-
sponded FeII/FeIII dropped from 1.21 to 0.90 as illustrated in Fig. S11 
[28]. Besides, ⋅OH can be generated as the reaction product of OH– and 
SO4

⋅- through Eq. (9), thereby achieving the radical-based degradation 
process. Furthermore, owing to the difference between the standard 
reduction potential of CoIII/CoII (1.81 V) and FeIII/FeII (0.77 V), the 
electron transfer between cobalt and iron ions with different valences 
was thermodynamically favorable (Eq. (10)) [34], which can also be 
reflected from the more obvious change of Fe valence state (Fe(II) 
decreased from 54.7% to 47.4%) compared with that of Co(II) (50.9% to 
48.7%). In this regard, the Co ions with lower valence state were 
generated through electron transfer between Fe and Co component, 
which alleviates the restrictions of the rate-limited reaction, and then 

accelerates the massive generation of radicals [30,42]. Furthermore, 
more oxygen vacancies were generated through Fe doping (Fig. 2(c)), 
and the dissolved oxygen was transferred to highly oxidative oxygen 
species Ox

o on vacancies and then react with PMS to verify the gener-
ation of 1O2 (Eq.(12)) [43,44]. In addition, the non-radical pathways can 
be achieved through Eq. (13) [43]. Finally, TC can be eliminated with 
the assistance of ⋅OH, SO4

⋅-, and 1O2 through a series of catalysis re-
actions and then decomposed to CO2 and H2O for ensuring the decon-
tamination of the organic pollutants [11,23]. Based on the above- 
mentioned analysis, the mechanism of the catalytic membrane is 
described in Fig. 8. Through the cooperation of membrane filtration and 
catalytic oxidation, the purification capacity of the catalytic membrane 
can be strengthened. 

To better explore the degradation pathways of TC, the intermediate 
products during oxidation process were analyzed by LC/MS, and the 
detected compounds are shown in Fig. S12-S13. As presented in Fig. S12, 
the TC degradation process mainly comprised hydroxylation, deme-
thylation, and cleavage of the functional groups, following by further 
ring-opening reactions [1,15]. Firstly, the intermediate with m/z of 427 
was generated through dehydration process. Besides, hydroxylation was 
accomplished to the formation of the intermediate of m/z of 460. Sec-
ondly, dealkylation dominated the next reaction and resulted in the 
generation of intermediate of m/z of 373.1. The intermediates were 
further occurred with the C-N bond cleavage and ring-opening reaction, 
leading to the formation of the intermediates (m/z = 290 and 206). 
Furthermore, the intermediates with m/z of 176.9 and 149.1 were 
formed through hydroxylation and carboxylation processes and were 
oxidized to the product with m/z of 122.9. Finally, the intermediates can 
be further oxidized to CO2 and H2O to accomplish the mineralization 
process [1]. 

To clarify the impact of the TC and its degradation intermediates on 
the environment, toxicity assessment was carried out via the Toxicity 
Estimation Software Tool (TEST). Quantitative structure–activity rela-
tionship (QSAR) method was applied to illustrate the toxicity via the 
assessment of developmental toxicity, mutagenicity, daphnia magna 
LC50, and oral rat LD50 [45,46]. Fig. 9(a) depicts that the develop-
mental toxicity of the intermediates, only P1 exhibited more toxicant 
than TC while other intermediates possessed reduced developmental 
toxicity. Besides, intermediate P6 was a non-toxicant. For the mutage-
nicity of the intermediates shown in Fig. 9(b), TC was mutagenicity 
positive, after the degradation process, the mutagenicity of the in-
termediates declined and P4, P6, P7, and P8 were mutagenicity nega-
tive. The daphnia magna LC50 of the products is illustrated in Fig. 9(c), 
the results demonstrated that the toxicity of the intermediates appar-
ently weakened from very toxic to less toxic and even not harmful after 
catalytic membrane treatment. A similar trend was also reflected on the 
oral rat LD50 depicted in Fig. 9(d), as the catalytic oxidation proceed, 
the toxicity of oral rat LD50 was alleviated from toxic to harmful. In 
conclusion, the biological toxicity of TC is greatly attenuated after the 
catalytic membrane-induced degradation process, which highlights the 
feasibility and application prospects of the catalytic membrane. The 
performance comparisons of the catalytic membranes are summarized in 
Table S6. Correspondingly, PAN/LFC membrane features desirable 
separation and degradation performance compared to other catalytic 
membranes, which is relating to the integration of perovskite-based 
catalyst, which not only optimizes the hydrophilicity of the membrane 
but also endows sufficient reaction sites in the membrane channels. 
Therefore, the wastewater remediation efficiency can be further 
enhanced through the combination of membrane technology and cata-
lytic oxidation. 

4. Conclusion 

In this work, the catalytic membrane was facilely prepared by 
embedding the functional catalysts on membrane channels. With the 
integration of membrane filtration and PMS-induced catalytic oxidation, 
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the catalytic membrane fulfilled favorable catalytic performance toward 
TC degradation together with superior HA rejection capacity under low 
operating pressures, which outperformed previous catalytic membranes. 
The massive generation of radical SO4

⋅- and 1O2 in membrane channels 
was proved, which was responsible for the rapid degradation of pol-
lutants and the favorable self-cleaning capacity. Besides, the catalytic 
membrane also demonstrated superior stability based on the continuous 
outflow of intermediate products and the restricted contact time. 
Furthermore, the attenuated biological toxicity of the treated waste-
water was investigated, further highlighting versatile prospects of 
wastewater remediation. 
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Fig. 8. Mechanism diagram of the catalytic membrane.  

Fig. 9. Toxicity analysis of TC and degraded intermediates. Developmental toxicity (a), mutagenicity (b), daphnia magna LC50 (c), and oral rat LD50 (d).  
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